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By Robert W. Graham and Robert C. Hendricks

SUMMARY /),L/ N

The effects of multi-g accelerations directed toward a heater surface for

, near-saturated and subcooled nucleate pool boiling were studied in a centrifuge.

" High-speed motion pictures and heat-transfer data were obtained in the test pro-
gram. Subcooling effects were observed to be more significant than the accelera-
tion effects. Acceleration did not appreciably influence the overall heat trans-
fer when the nucleate boiling was characterized by vapor columns or bubble con-
glomerates. Acceleration did, however, infiuence the heat transfer in the vicin-~
ity of a site for discrete bubbles near the thermal threshold of nucleate boil-
ing. For this case, maximum bubble size, growth rate, frequency, and site acti-
vation were influenced by the acceleration magnitude.

INTRODUCTION

In recent years there has been considerable interest in the mechanism of nu-
cleate boiling because boiling-heat-transfer processes often show considerably
improved cooling capabilities over single-phase convective processes. One of the
more important factors in the nucleate-boiling mechanism is the buoyancy or body-
force effect that contributes to the control of the ebullition process.

In applications of boiling heat transfer to missiles or space vehicles,
where the body force may range from zero to several g's, the effect of this var-
iance in body-force magnitude and direction must be assessed. References 1 to 3
contain studies of pool boiling of water in centrifuge devices where acceleration
forces greater than normal gravity were directed toward the heating element.

" Both reports investigated the shape of the boiling curve (heat flux as a function
of temperature difference) over a range of accelerations. Reference 3 also re-
ports the effects of acceleration on burnout. For the pool and heater geometry
studied, the magnitude of the burnout flux is proportional to the one-fourth
power of the acceleration when the acceleration force is greater than 10 g's.

The scatter in the burnout-heat-flux results was within the limits predicted by
reference 4 (pp. 15-46).

Reference 1 shows particular interest in the effect of acceleration on the
peak heat flux (maximum heat flux in nucleate regime). The data of reference 1
are compared with the equation of Borishanskii (ref. 5), which was developed to
predict the maximum heat flux for nucleate pool boiling. The experimental peak



heat flux did seem to follow the acceleration term (a/g)o'25 where a 1s accel.
eration and g 1is gravitational acceleration. Another interesting aspect dis-
cussed in reference 1 is the effect of acceleration on the number of nucleation
sites. It is concluded that, for a moderate constant heat flux, fewer sites wert
active as the acceleration was increased. At high heat fluxes, acceleration had
little effect on the number of active sites.

The pool-boiling mechanism at zero gravity or near zero gravity was examine
experimentally; the results are presented in reference 6. The absence of the
buoyancy force at zero gravity arrested the ebullition process, and a filmlike
phenomenon was evident. Burnout data taken at small accelerations seemed to fol.
low the one-fourth power of the acceleration. At precisely zero gravity, the
burnout flux could not be predicted by this correlation because the correlation
would predict that burnout would occur at zero heat flux.

It is evident from the work that has been done that variations in the buoy-
ancy force can produce appreciable effects on the nucleate-boiling heat-transfer
results. The purpose of this report is to determine whether the body force has
any pronounced effects on the model of the nucleate-boiling mechanism. Such im-
portant factors as bubble growth rate, bubble frequency, number of nucleation
sites, maximum bubble size, and waiting period will be examined for their depend
ence upon (or independence of) the magnitude of the body force. These results
will serve as a test of the model postulated to describe the nucleate-boiling
mechanism.

Included in this report are data for heat rate as a function of temperature
difference (surface minus bulk) over a range of accelerations. Some of these
data will pertain to a very active boiling surface and some to a surface where
only an isclated bubble site is active. The effect of acceleration on these two
cases will be discussed. No "burnout" conditions were studied.

The degree of subcooling was varied to evaluate its influence on the boilin
curves (heat flux as a function of temperature difference). The relative influ-
ence of subcooling and acceleration on the boiling curves is discussed.

Shadowgraph motion-picture photography was used to examine the effect of ac
celeration on the circulation of the fluid adjacent to the heating strip.
Motion-picture supplement C-218 has been prepared and is available on loan. A
request card and a description of the film are included at the back of this
report.

APPARATUS

Figure 1(a) shows the 4-foot-arm centrifuge apparatus used to simulate the
varying body forces in the fluid. The arm was rotated by an air turbine, and the
speed was measured on a tachometer. The high-speed movie camera and the lamp
mounted adjacent to the pool boiler were used in photographing the bubbles.

The tank and the heating element are shown in figure 1(b). The tank was ap
proximately 2 quarts in volume and was equipped with observation and illuminatio
windows for the photography. The tank was mounted on a free-rotating trunnion
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arrangement that automatically enabled the tank-heater assembly to be oriented so
that the resolved acceleration vector (gravity plus centrifugal) was perpendic-
ular to the heater surface. The tank was so constructed that either a partial
vacuum or a positive gage pressure could be maintained above the liquid surface.
This feature was valuable in establishing the thermodynamic state of the water
for various boiling conditions.

The heating element was a thin Chromel ribbon mounted over a bakelite block.
The ribbon was tension-mounted with springs on each end and was cemented to the
surface of the bakelite block. The purpose of the tension mounting was to pre-
vent buckling of the strip when it expanded during heating. By virture of this
mounting, the ribbon heated the fluid from one side only. The heat flux from
this heater was essentially constant over the entire length of the ribbon. For
all the experimental runs reported herein, the acceleration vector was directed
toward the heater surface in contact with the water. The aforementioned film
supplement illustrates how film boiling can be induced by reversing the direction
of the acceleration vector.

A portion of the experimental program was devoted to examining the effect of
the tank-heater geometry on the boiling process. Two geometries were utilized
(figs. 1(c) and (d)). The latter has a transparent shield mounted so as to re-
strict the circulation patterns of the fluid immediately above the heater ribbon.
Results from tank-heater geometry with and without shields are compared.

The heating elements were instrumented with small-gage thermocouples to
measure the surface temperature. Thermocouples were also used to monitor the
fluid bulk temperature. For most of the runs reported herein, the tank was
vented to atmospherej thus the fluid pressure at the tank vent was assumed to be
1 atmosphere. For those runs in which the tank was run at partial vacuum, a mer-
cury manometer was used to measure the pressure before and after the run. The
electrical power applied to the strip configuration was obtained from voltage and
current measurements. Voltage-tap leads were soldered to the heating strip to
get a more precise measurement of the power dissipated in the strip. ALl the
measurements monitored while the centrifuge was rotating were brought through
mercury sliprings and recorded either on an oscillograph or by a digital volt-
meter.

PROCEDURE

In all the tests in which the heating strip was instrumented, the fluid used
was distilled, degassed water. In some preliminary runs, ethyl alcohol was used.
The procedure of filling the tank with distilled, degassed water was followed
carefully to prevent contamination from the air.

Essentially, two types of running procedure were followed in gathering data.
One was to run the centrifuge at a given speed (constant acceleration) and then
vary the power to the strip; the other was to vary the centrifuge speed while
keeping the power constant.

The degree of subcooling was rigidly controlled throughout the experimental
procedure by continuously monitoring the bulk temperature. The increased head of

3



fluid on the heater ribbon at high multi-g's was compensated for by increasing
the bulk temperature so that surface boiling occurred at a subcooling that was
comparable to the l-g case. Cartridge heaters within the tank were used to con-
trol the bulk temperature. These heaters were always off during a data run.

Most of the data was obtained within the heat-flux range of O to 0.27 Btu
per square inch per second. The acceleration was varied from 1 to 10 g's, and
the pressure was maintained at 1 atmosphere. A limited amount of data was gath-
ered at a partial vacuum (3 cm Hg abs). For the test conditions at 1 atmosphere,
the bulk temperature was set at approximately 200° and 180° F, respectively, in
order to assess the subcooling effects. At the partial vacuum condition, the
fluid temperature was maintained around room temperature for near-saturation con-
ditions.

RESULTS AND DISCUSSION

In this experimental program heat flux, acceleration, bulk temperature (or
degree of subcooling), and heater geometry were varied independently. For the
convenience of the reader, the principal effects observed will be sorted out and
related to one or more of these parameters in the following discussion.

Effect of Subcooling

The boiling-heat-transfer literature states that the degree of subcooling
greatly influences the nucleate-boiling curve (heat flux as a function of temper-
ature difference). For example, figure 2 shows a family of boiling curves ob-
tained from one of the heater ribbons used in this investigation. It is apparent
from this figure that only a small change in the subcooling (about 3° F max.)
produced apprecigble changes in the boiling curves. Consequently, great care was
exercised to control the degree of subcoocling within a narrow tolerance through-
out the experimental program. Without such care it might be difficult to discern
whether changes in the boiling curves were attributable to acceleration or sub-
cooling effects.

Also shown in figure 2 is a "hysteresis" curve that illustrates the sensi-
tivity of the boiling curves to the manner in which they are developed experimen-
tally. The arrows indicate the "path" taken in obtaining the curves. It is ob-
vious that the two curves are different depending on whether the mode of opera-
tion is from low-heat rate to high-heat rate or vice versa. Evidently the his-
tory of the thermal layer affects the boiling process. This history can be
changed by the experimental manner of approach to a given point on the boiling
curve.

While this hysteresis phenomenon is not adequately understood, it is postu-
lated that the thermal sublayer is sensitive to the heating history. High-speed
schlieren photographs of the thermal layer (ref. 7) illustrate the dynamic nature
of the thermal layer before and after a bubble ebullition event. These pictures
indicate that the heating history influences the growth rate and thermal state of
the sublayer. In reference 8, the nature of the sublayer is shown to be influ-
ential in determining site activation.



All of the boiling curves of figures 2 to 6, with the exception of the hys-
teresis curve in figure 2, have been developed by allowing the heat flux to in-
crease progressively.

Effect of Acceleration on Boiling (Active Surface)

The principal object of the research program discussed herein was to ascer-
tain if acceleration (body force) had a marked effect on nucleate pool boiling.
It was observed in a preliminary study that the orientation of the acceleration
vector (toward or away from the heater surface) had a marked effect on the boil-
ing. By directing the vector away from the heater, film boiling conditions would
occur at a heat flux generally associated with nucleate boiling when ordinary
gravity was directed toward the heater.

Figure 3 is a plot of heat flux as a function of the difference between sur-
face and bulk temperatures for a range of accelerations. This surface tempera-
ture represents the readings of one thermocouple at a section of a heater where
several sites were very active. (High-speed motion pictures showed considerable
boiling activity.) The bulk temperature was carefully controlled to produce the
same amount of subcooling over the entire range of acceleration values. Figure 3
shows that increased acceleration did tend to translate the boiling curve upward
to higher heat flux for a given temperature difference. This translation is at-
tributed to enhanced natural convection heat transfer over the nonboiling areas
of the heater. More will be said about natural convection in discussing fig-
ures 5, 6, and 12.

The boiling curves in figure 3 all show the same general trends in curva-
ture. As was mentioned earlier, there were many active sites in this section of
the heater. Also, for the greater portion of the boiling curves the boiling
mechanism was well advanced beyond incipient boiling to a condition where vapor
columns were prevalent. High-speed photography showed that these vapor columns
were active over the entire range of accelerations investigated. Consequently,
the variation in acceleration had little effect on this type of boiling mecha-
nism, which explains the general similarity of the boiling curves over a range of
accelerations.

Comparison of Subcooling and Acceleration Effects

It is also interesting to compare the relative effects of acceleration and
subcooling on boiling, which is characterized by vapor columns and bubble con-
glomerates. Figure 4 shows data for this type of boiling taken at 12° and 320
subcooling for both 3 and 9 g's of acceleration. It is very clear from these
curves that the subcooling effects are pronounced, whereas the acceleration ef-
fects are almost negligible. This figure provides further verification that ac-
celeration does not greatly affect the boiling mechanism for heat-flux conditions
well beyond the incipient boiling threshold.



Effect of Acceleration on Incipient Boiling

The observation made concerning the small effect of acceleration pertains to
a particular regime of the boiling mechanism (vapor columns); it does not neces-
sarily apply to the upper limit of nucleate boiling, which was not investigated
herein, or to the incipient point where a discrete number of sites are jJjust be-
coming active. The latter situation was also observed in these experiments.
Figure 5 contains boiling curves obtained from a different segment of the same
heater strip. For some reason (probably surface conditions), this segment was
comparatively dormant. The 1l-g curve (fig. 5) shows that a boiling phenomenon
began at a temperature difference of 46.5°. Up to that point heat was trans-
ferred by free convection only. For 3 g's of acceleration, the site did not be-
come active, and the free-convection mode continued beyond the temperature dif-
ference and heat flux where boiling began for the l-g case. In references 7
and 8, it is postulated that the incipient conditions for boiling require the de-
velopment of a thermal layer of definite thickness and thermal condition such
that heat can be transferred into the bubble rucleus. Reference 8 presents data
that confirm this hypothesis and theory.

Perhaps the increased natural circulation of the fluid at a greater acceler-
ation thinned the thermal sublayer, and thus 1t could not support a nucleus.
Consequently, a natural convection phenomenon persisted to higher values of tem-
perature difference. This subject will be more thoroughly discussed in the sec-
tion "Site Activation." It is interesting to observe that the level of the nat-
ural convection curve for 3 g's is above the 1l-g curve (fig. 5). This would be
expected as prescribed by a parameter like the Grashof number. In fact, natural-
convection correlations, which stipulate that the Grashof number should be raised
to the 0.25 power, predict an increase in heat transfer of approximately 30 per-
cent in going from 1 to 3 g's, which is approximately what figure S5 shows. It is
interesting to observe that the burnout studies in references 1 and 3 showed the
same dependence on acceleration.

It was pointed out in the section entitled "Effect of Acceleration on Boil-
ing (Active Surface)" that acceleration did tend to translate the boiling curve
(see fig. 3), upward to higher heat flux for a given temperature difference.
This was attributed to a natural-convection component since the entire heating
surface is not experiencing ebullition at one time, even in very active boiling.
It is speculated that this natural-convection component is significant near the
burnout condition. Consequently, the enhanced burnout heat flux induced by
multi-~g accelerations may be attributed to a natural-convection component. The
burnout results of references 1 and 3 indicate that the burnout flux is dependent
on (a/g)o'zs, which is the same natural-convection dependence on acceleration
noted herein.

Effect of Shield Geometry

As was mentioned the APPARATUS section, the geometry of the heater-tank
assembly was altered by the insertion of a shield above the heater block. Com=-
parison of the heat-transfer data for the shielded and unshielded conditions did
show that this geometry change influenced the experimental results. Figure 6
contains these comparative data over a range of acceleration. It is apparent

6



that the heat-flux values for a given temperature difference are higher for the
unshielded geometry than the shielded. Perhaps the "chimney" effect imposed by
the shields depresses the boiling mechanism, and natural convection becomes a
more significant contributor to the overall mechanism. Certainly the slope of
the shielded curve in figure 6 is more similar to that of the free-convection
curves (fig. 5) than that of the unshielded curve. The steeper slope of the un-
shielded geometry indicates a greater contribution by a boiling mechanism.

Figure 6 can be interpreted as further evidence that natural convection is a
determining factor in establishing the level of the boiling curves for any heater
geometry (fig. 3). A heating surface that is producing a boiling phenomenon may
be thought of as comprising areas where ebullition controls the heat transfer
(the vicinity of active sites) and other areas where natural convection controls
the heat transfer. The average heat-transfer coefficient is an integrated aver-
age of these two kinds of areas.

Also of interest in figure 6 is the similar spread of the data for both ge-
ometries, which is attributed to acceleration effects. Consequently, in assess-
ing the acceleration effects on the boiling curves, it does not matter which ge-
ometry is employed.

Bubble Growth

Figure 7 contains families of bubble-growth curves for constant heat flux
and subcooling with acceleration as a parameter. All of the bubbles emanated
from one site on the heating strip. During the growth process on the heater rib-
bon, the bubbles were oblate spheroids. The principal axial dimensions were
measured, and the volume of the oblate spheroid bubbles was computed as a func-
tion of time. The radius of a perfect spheroid that would displace the same vol-
ume was computed for each increment of time. This radius is the ordinate of
figure 7.

The statistical nature of the growth curves is to be expected. As discussed
in reference 8, the ebullition process 1s sensitive to the random nature of the
thermal layer adjacent to the heating surface, and this reflects in the bubble
growth.

The data shown in figure 7 do show that there is a definite trend for the
maximum bubble size and growth rate to diminish as the accelergtion is increased.
. The initial growth rates seem similar, but at later times the bubbles grow slower
when the acceleration is greater. Perhaps the enhanced natural circulation of
the fluid surrounding a bubble at greater accelerations tends to draw heat away,
actually condenses some of the vapor, and thus inhibits growth. The effect of
the circulation on the thickness of the thermal layer is discussed in the section
"Site Activation.”

i A portion of the film supplement to this report is devoted to shadowgraph

| movies of the fluid above the heating strip. The circulation of the fluid above
the strip is apparent. As would be expected, the 10-g case exhibits a more pro-
nounced circulation pattern. This is obvious in the films despite the fact that

) the 10-g case was photographed &t twice the film speed of the l-g case.



Maximum Bubble Size

The following expression for the maximum bubble size was developed in refer-
ence 91

20
iﬁb = 0.0119 B ;(-p—z—_—p—y (1)

g
where 0.0119 is an empirical constant and
Vb volume of bubble
8 contact angle of bubble, deg
o surface tension
a local acceleration, ft/sec2
p, density of liquid (saturation)
0 density of gas (saturation)

g

This equation was developed by assuming that the maximum size of the bubble would
coincide with the lift-off of the bubble from the surface. The lift-off would
occur when the buoyancy force overcomes the surface tension force that retains
the bubble at the surface.

The experimental bubble-size data at lift-off were compared with the pre-
dictions from the Fritz equation. These comparisons are listed in the following
table. Also tablulated are the exponential values of the acceleration required
to convert the experimental bubble radius from the l1-g case to the experimental
bubble radii of multi-g cases.

Pressure, |Acceler- | Maximum experi- | Maximum radius | Exponent
atm ation, mental radius, from Fritz on a/g
g's in. equation, relation
in.
1 1 0.05 - 0.07 0.018
7 0.02 .007 -0.56

Two interesting observations can be made from this table. First, for the
fluid state established in the tank, the Fritz equation as defined in reference ¢
does not predict the maximum size; the experimental bubble radiil are greater thar
the prediction. The Fritz equation (ref. 9) is a correlation of bubble data ob-
tained with water and gaseous-hydrogen bubbles formed in highly diluted solu-
tions; presumebly these data were obtained at 1 atmosphere. The experimental
maximum bubble radii were taken from figure 7, and these represent bubbles grown
in a l-atmosphere environment. An even poorer agreement with the Fritz equation
was observed for the tests made at vacuum conditions (3 cm Hg abs). The experi-
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mental bubbles were much larger than those observed at 1 atmosphere. On a heater
ribbon, which was not the same as the one used to develop figure 7, the maximum
experimental bubble radius at this low pressure was 0.38 inch. The fact that two
different heater ribbons were used eliminates any possible comparison of the
bubble-size data at the two pressure levels because of the differences in the
site sizes.

Even though the absolute magnitudes of the bubble radii as predicted by the
Fritz equation do not match the experimental values, the changes in bubble size
with gravity do follow the trend predicted by the Fritz relation. The Fritz
equation predicts that the bubble size diminishes with the inverse square root of
the gravity. This is approximately the value of the exponent derived from the
experimental results. It should be noted that the experimental results cover a
limited range of gravities (from 1 to 7 g's). Experimental information at
greater accelerations is needed before a generglized conclusion on the gravity
effect can be finalized.

This apparent disagreement between the experimental bubble radius and the
Fritz equation predictions does raise certain questions concerning the ebullition
model underlying the equation. Fritz's model assumes a static balance between
the buoyancy force and surface tension. High-speed motion pictures of growing
bubbles, such as those presented in the film supplement to this report, show very
clearly that the circumstances surrounding the 1lift-off of a bubble are very dy-
namic. Consequently, some inertia effects have been omitted from the Fritz
model. Figure 8 is a schematic representation of the forces present at bubble
lift-off. It is easier to enumerate these forces than it is to weight them
gquantitatively. The force balance F on the bubble can be expressed symboli-
cally in the following manner:

Zthdrostatic * z Fsurface tension * EFinertia =0 (2)

The hydrostatic force is the summation of the static pressure acting externally
on the surface of the bubble. It is conceivable that this summation of forces
may in some situation actually act to hold the bubble against the surface and may
not be a buoyancy force at all. The geometry of the bubble (size of the neck
with respect to the bubble volume) or the direction of the acceleration vector
will determine whether this summation is a buoyancy or a restraining effect. The
latter effect is illustrated in the movie supplement with the film boiling of
ethancl in an inverted gravity orientation.

The surface interfacial forces always restrain the bubble from leaving the
heating surface. Involved in the interfacial-force terms must be the surface
tension, the surface condition, and wettability of the surface. The latter term
is implied in Fritz's equation because of the inclusion of contact angle B.

The first two terms of equation (2) are included in a general fashion in
Fritz's equation. The third summation, the inertia forces, is not included. Two
inertia effects are considered important. Rapid growth of the bubble (see
fig. 8) sets into motion a mass of liquid above the bubble that tends to entrain
the bubble in its wake. Still another inertia effect is the motion of a mass of
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liquid (downwash) that sweeps around the base of the bubble when the neck is
being generated. Thus, there is a tendency for the bubble base to experience an
upward thrust from the inertia of this field. Some experimental verification of
this downwash was observed by the authors of reference 7 when they made high-
speed shadowgraph pictures of boiling. Another limitation to the Fritz equation
is the fact that it does not include surface effects.

Reference 7 contains a bubble-growth analysis that links bubble size to a
characteristic dimension of a site. Such a theory does account for the spectrum
of bubble sizes found emanating from a commercial surface.

Site Activation

During the course of the experimentation, several heater ribbons were used.
Each ribbon had different surface conditions and thus produced different site lo-
cations. With a given heater ribbon, as many as 15 sites were active at one time
or another, but at no time were all sites active at once.

It was noted that, when the heat flux was increased for a given accelera-
tion, the number of active sites increased. The following tables illustrate this
tendency for an absolute pressure of 3 centimeters mercury with a heater ribbon
that had a total of nine sites:

Heat flux, Active
Btu sites
(sq in.)(sec)

Ordinary gravity

0.035 1

.086 3
Acceleration, 3 g's

0.025 0

.08 2

.20 4

.27 5

It has been shown analytically that a greater spectrum of site sizes becomes ef-
fective at the higher heat fluxes (ref. 8).

Also of interest is the effect of acceleration on the number of active
sites. It has been mentioned previously in connection with figure 5 that an ac-
tive site can be killed by increasing the acceleration. In fact, at a very mod-
erate constant flux (0.023 Btu/(sq in.)(sec)), where boiling is first evident at
several sites along the heater, the number of sites diminished as the accelera-
tion increased. For instance, with a particular shielded heater geometry the
total number of sites for a heat flux of 0.023 Btu/(sq in.)(sec) changed in the
following manner:
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Acceleration, | Active
g's sites
1 13
3 7
9 4

Reference 8 has been mentioned several times throughout this report. It
contains an analysis and experimental verification, which indicate that there is
a relation between cavity size and minimum heat flux for constant heat flux boil-
ing along a heating surface. For the convenience of the reader and to facilitate
discussion, the model of bubble instigation, which is basic to the analysis of
reference 8, is presented in figure 9. The history of the thermal layer and the

. bubble nucleus is presented schematically. In figure 9(a) the thermal layer has

zero thickness, and consequently no thermal profile is developed. The condition
for the instigation of bubble growth is represented by the circle in the
temperature-profile plot. In figure 9(b) the thermal layer is developing, and
the thermal profile is evident. The profile has not thickened sufficiently to
satisfy the thermodynamic condition for bubble growth. In figure 9(c) the bound-
ary layer has grown sufficiently to satisfy the thermodynamic condition for bub-

- ble growth. This marks the end of the waiting period. Note that, in the
sketches of the temperature profile, the thermal-layer thickness is approximated

by a linear temperature distribution. Reference to this approximation is made in

. the section "Effect of Acceleration on Waiting Period."

In reference 8, the thickness of the laminar thermal layer is assumed to be
3000 microinches. This is the approximate value that was determined experimen-
tally in reference 10. Using this thickness and assuming that heat is trans-
ferred through the thermal layer by molecular transport (conduction) only, the
author of reference 8 computed the minimum- and maximum-size cavity radius that
would bear a bubble at a given heat flux.

If it is assumed that increasing the acceleration thins the laminar-thermal-
layer thickness, the curve that establishes the minimum flux to cause a site to
be active would depend upon the acceleration level. Such a family of curves is
presented in figure 10. As was mentioned in discussing figure 5, the natural
convective heat transfer (no boiling) was enhanced by increasing the accelera-
tiony it was also pointed out that the increase in heat transfer seemed to follow
a conventional Grashof correlation in which the exponent on the Grashof number is
0.25. ©Starting with a value of 3000 microinches for ordinary gravity, the lami-

'nar layer thickness was diminished inversely with the Grashof number raised to

the 0.25 power in computing the curves shown in figure 10.

Superposed. on figure 10 are actual data points obtained from a heater ribbon

that had an obvious surface scratch approximately 0.001 inch wide. Figure 11 is
- a magnified picture of this site. Fortunately, this was an isolated site and it
| was near one of the surface thermocouples so that the effect of ebullition on
isurface temperature was apparent. Figure 12 is a family of boiling curves in
which the surface temperature data were obtained from the aforementioned thermo-
 couple. The approximate point where boiling begins for each curve is marked by

|
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a solid symbol. The heat fluxes for incipient boiling from figure 12 and the
measured size of the site scratch comprise the data used in the labeled points in
figure 10. It is interesting to observe that these data points all fall to the
right of the respective curves marking the minimum threshold of heat flux

(fig. 10) for each acceleration.

From figure 10 it is therefore concluded that increased acceleration thins
the laminar layer and thus promotes a higher threshold of heat flux before a bub-
ble can be conceived at a given site.

Effect of Acceleration on Waliting Period

In reference 7 the waiting period is defined as the time interval beginning
with the separation of a bubble from the surface and ending where a new bubble
appears (see fig. 9). When a bubble leaves a site, the thermal boundary layer in
that vicinity is partially destroyed. The waiting period represents the time re-
quired for the thermal layer to reestablish itself. The period of a bubble com-
prises the waiting period and the bubble-growth period. As is pointed out in
reference 7, the waiting period may be greater than, equal to, or less than the
growth period. In any case, the waiting period or the ratio of the waiting pe-
riod to the growth period is important in describing the bubble ebullition proc-
ess and the attendant heat transfer.

The high-speed movies show that the ratio of the waiting period to growth
period at a given site increases with magnitude of the acceleration. For in-
stance, at ordinary gravity the ratio of the walting period to the growth period
for three successive bubbles at a site was 2.06, 5.8, and 2.06 at the same site,
but at 7 g's this ratio went to 10 for two successive bubbles.

This trend is explainable in terms of the model for bubble growth presented
in reference 7. The trend is also consistent with the deactivation of sites ob-
served when the acceleration is increased (fig. 5). When a site is deactivated,
the waiting period goes to infinity.

The bubble-growth model presented in reference 7 stipulated that the thermal
layer could be approximated by a linearized temperature profile. As is pictured
in the following sketch, the thermal layer is divided into two regions. Over a
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thickness &, the heat transport mechanism is assumed to be conduction only. Be-
yond this ©®, eddy diffusion controls the heat-transfer mechanism, and the fluid
temperature is constant and equal to the bulk temperature. The eddy diffusion in
this region is controlled by the tank and heater geometry as well as the acceler-
ation magnitude. At high accelerations, the eddy diffusivity is enhanced, which
results in a thinning of the laminar sublayer &. As is shown in figure 10,
thinning of the thermal layer increases the heat-flux threshold necessary for eb-
ullition. If a transient conduction mechanism is assumed in the laminar thermal
layer, a longer time period will be required to satisfy the thermodynamic state
at some distance x, away from the surface (see fig. 9) before a nucleus will

grow into a bubble. This is the same as saying the waiting period will be
longer.

CONCLUDING REMARKS

The degree of subcooling is more influential in controlling the pool-boiling
heat flux than is acceleration. Increasing the acceleration, when directed to-
ward the heater surface, (1) does improve the natural-convection component of
heat transfer that is present with nucleate boiling, (2) delays the incipience of
bubbles at a site to a higher heat-flux threshold, and (3) reduces the maximum
size, growth rate, and frequency of discrete bubbles emanating from a site. Di-
recting the acceleration vector away from the heater leads to film boiling at
modest heat fluxes.

SUMMARY OF RESULTS

Over the range of accelerations, liquid states, and heater geometries em-
ployed in these tests, the following observations concerning the boiling process
in a multi-g enviromment can be stated:

1. Acceleration when directed toward the heater geometry does increase the
heat-flux threshold necessary for the incipience of boliling at & site. Accelera-
tion, however, has little effect on the boiling mechanism at high heat fluxes
well beyond the threshold of incipience where vapor columns rather than discrete
bubbles are evident. This observation is in agreement with the results obtained
by Merte and Clark.

2. It was observed that subcooling had a pronounced effect on the nature of
the boiling curve. Even small changes on the order of 2° F produced significant
changes; thus, subcooling appears to be a more significant parameter than accel-
eration in determining the heat transfer associated with boiling.

3. Near the incipient boiling condition, increasing the acceleration de-
creases the number of active sites. This trend was consistent with the theory
that predicts that some sites would "die" if the acceleration was increased.

4. Increasing the acceleration did improve natural convection. This was
evident in both the nonboiling and boiling conditions. In the boiling regime,
some of the surface is transferring heat by natural convection as well as by the
boiling mechanism; thus the total heat transfer consists of boiling and convec-
tive contributions. For nonboiling conditions, changes in acceleration produced

13



increases in heat transfer as predicted by Grashof number raised to the 0.25
power. Perhaps the enhanced burnout flux at multi-g accelerations is attribut-
gble to the improved natural-convection component of heat transfer.

5. The geometry of the heater tank does influence the heat transfer. When
the heater ribbon was surrounded by a chimneylike shield, the heat flux for a
given temperature difference was less than when no shielding was present. This
is further evidence of the significance of free convection on the overall heat
transport.

6. The growth rate and maximum bubble size are diminished by increasing the
acceleration.

7. For ebullition there is a trend for the ratio of the waiting period to
the growth period to increase with acceleration. The situation when a site be-
comes inactive can also be labeled as the occurrence of infinite waiting periods;
thus, it can be reasoned that the effect of acceleration drives the waiting
period toward infinity. Such observation is consistent with the boiling model
presented in NASA TN D-594.

Lewis Research Center )
National Aeronautics and Space Administration
Cleveland, Ohio, January 2, 1963
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Bubble radius, in.

Figure 7.

Time, sec

- Effect of acceleration on bubble growth.
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Figure 8. - Schematic of forces acting on growing bubble.

26




Thermal layer, 8

: No thermal- l
layer thickness

“-Gas
residue

7 Thermal condition

{ for instigation

| of bubble
© T
) X

1

Temperature difference

Distance from
surface

(a) Beginning of (b) During wait-
waiting period. ing period.

o) Heat
flux

Bubble nucleus

(¢) End of waiting
period, beginning
of bubble growth.

Figure 9. - Schematic of bubble instigation requirements and definition of

waiting period.

27



‘4 5002 ‘emmae
-gadweq YTng /. 9dUsISFSX JO AI09Y3 UJTM SUOTFBISTSDO® SNOTIBA JIOJ qurod Butrroq justdrout Jo uosTaeduc) - QT 2mITd

(au)(2F bs)/nyg ‘xnig 9esH
50TX0P 9¢ 2¢ 82 73 02 9T 2T g ¥ 0

= nnnuunmﬂmMMMMMMMMMﬂmmwmﬂLllLllnllllu
- —_— ﬂ’u’ — ]
-—
4 A // S /

souatdTour JoO
FTUTT TBOTISI03UL

|
——
—— ./ L /
L
—
(4N}

Cono fono
ooo4
\\\\\
~—
\\
e —————

b h=lakz)e}
Tejuswtaadxy
s, 3 . \\\\\\ \ ¥
‘u0T18IDTO00Y j \\\
i
\
\\\ \ \
=53 o LT . L~ \\
i 74 |\|(\| oy A\ > - 9
it — = ] A s
\_\ \
o 7
_ -\l\‘l\ - —
— — T P
T i 7 ] \\.\\\\\ \\\
\\\ .

¢-0T<2T

1I ‘snrpea A3T4aBD

28




Figure 11. - Active cavity site on heat geometry.
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Figure 12. - Pool boiling at isolated site of heater. Water, 1 atmosphere.
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